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1.

Introduction
The negative impact of magnesium stearate as a tablet lubricant on the hardness of tablets containing components with a plastic deforming behavior is a well-known phenomenon. [1] [2] [3] [4] [5] [6] The extent of this effect mainly depends on the magnesium stearate concentration, mixing time and mixing intensity. 2, [7] [8] [9] During tablet manufacturing, the lubricant concentration and the mixing procedure (type of mixer, mixing time and intensity, mixing order) is mostly well defined, taking into account the possible negative effects of magnesium stearate. [10] [11] [12] [13] However, the paddle speed in the forced feeder influences the shear rate and material residence time inside the forced feeder of the tablet press, but its influence on the lubricant effect during tablet compression is often neglected. [14] [15] [16] [17] This study highlights the influence of the paddle speed in the forced feeder of a high speed rotary tablet press on the tensile strength of microcrystalline cellulose (MCC) tablets containing magnesium stearate (MgSt). Furthermore, as machine parameters were set to obtain an equal tablet weight and compression force for all formulations, analysis of the obtained results for these settings allowed evaluation of the influence of the paddles on the flowability, initial packing in the die and compactability of the powder mixtures.
2.
Materials and methods
Materials
Microcrystalline cellulose (Avicel ® PH-102, FMC Biopolymer, Cork, Ireland) was selected as model for materials exhibiting plastic deformation during compression. Magnesium stearate was purchased from Fagron (Waregem, Belgium).
Preparation of powder mixtures
An overview of the formulations and mixing method is provided in Table 1 . Four kg of each blend was prepared. Prior to blending, the MCC was manually sieved through a 3000 µm mesh to break up large agglomerates which might have been formed during storage. MgSt was placed on a 100 µm sieve and shaken at an amplitude of 2 mm for 30 min, using a sieve shaker (Retsch VE 1000, Haan, Germany).
Low shear mixing was performed using a 20 l tumbling mixer (Inversina, Bioengineering, Wald, Switzerland). A 10 l high shear mixer (Gral10, GEA Pharma Systems -Collette TM , Wommelgem, Belgium) was used for the high shear mixing of the powder blend. The low shear mixer was run for 3 or 15 minutes, depending on the formulation (Table 1) , at 25
rotations per minute (rpm) with a filling degree of approximately 60 %. The high shear blending was performed at 400 rpm. In order to also obtain a filling degree of 60 % of the high shear mixer, the powder was processed in 2 subbatches of 2 kg. After blending, the powder blend was allowed to settle for 5 minutes before unloading the mixer, in order to reduce material loss due to airborne particles. Room temperature and relative humidity were logged.
Powder characterization
Particle size analysis was done by sieve analysis ( n = 3), using a sieve shaker (Retsch VE 1000, Haan, Germany). 30 g of powder was placed on a nest of sieves (50, 100, 125, 150 and 250 µm) and shaken at an amplitude of 2 mm for 2 min. The amount of powder retained on each sieve was determined.
The bulk (ρ bulk ) and tapped density (ρ tapped ) of 30 g of powder was determined in a 100 ml graduated cylinder ( n = 3). The powder was poured from a height of 40 cm through a stainless steel funnel with a 10 mm orifice into the graduated cylinder, mounted on a tapping device (J.
Engelsmann, Ludwigshafen am Rhein, Germany). The powder was allowed to settle loosely under the influence of gravity and the initial volume (V 0 ) was recorded. The sample was tapped for 1250 times and the final volume (V 1250 ) was determined. Bulk and tapped densities were calculated as 30 (g)/V 0 and 30 (g)/V 1250 , respectively. These values were used to calculate the compressibility index (CI) in order to assess the tendency of a powder to consolidate (Equation (1)). 18 CI % 100
Scanning electron microscopy (SEM) was used to study the shape and size distribution of the powder particles. A small amount of powder was mounted on metal stubs with carbon tape and coated with gold by means of a sputter coater (Emitech SC7620, Quorum Technologies, East Grinstead, UK). Photomicrographs were taken with a scanning electron microscope (FEI Quanta TM 200F, FEI, Hillsboro, USA) operated at an acceleration voltage of 20 kV. The powders were observed at a magnification of 100 x.
Preparation of tablets
All tablets were prepared using a MODUL TM P tablet press (GEA Process EngineeringCourtoy TM , Halle, Belgium) equipped with an overfill cam of 10 mm. As the die table (turret) rotates, powder is fed from the forced feeder into the dies at the overfilling station. After weight adjustment at the filling station, the punches ( n = 10, diameter 8 mm, flat faced bevel edge) move further through the pre-and main compression station to the ejection cam, where they are removed from the die table by a tablet stripper. 19 Tablets were prepared by double compression (i.e. a precompression (P) and main compression step (M)). At the precompression station the punches apply an initial force on the powder, and subsequently, under the main compression rollers the final compression takes place, usually at a higher load compared to the precompression phase. [20] [21] [22] Most rotary presses operate by maintaining the upper roller in a fixed position during compression. By adjusting the position of the lower roller (prebot, mbot), the compression force (PCF, MCF) is determined and hence, the thickness of the compact under compression.
In contrast, the MODUL TM P high-speed rotary tablet press is equipped with an air compensator which allows displacement of the upper compression rollers (PCD, MCD). The upper rollers are attached to an air piston, which allows vertical movement in an air cylinder.
During a compression run the air pressure in the cylinder (PCF r , MCF r ) is set at a constant value due to a control system of pressure valves and expansion vessels. 
Tabletability
A preliminary study with pure MCC was performed to determine the main compression force (MCF) for further experiments. Tabletability is examined by plotting tensile strength (TS) against the main compression pressure (MCP). 15, 25, 26 As the obtained correlation is not an intrinsic material characteristic and the profile depends upon the press, tooling and settings used (e.g. tableting speed, paddle speed in the forced feeder, fill depth), the same machine and tooling were used throughout the study. 15, [27] [28] [29] The fill depth was adjusted to obtain tablets of 150 mg, in accordance with the subsequent experiments. Tableting speed was set at 400 tablets per minute (tpm) and force feeder speeds 
Evaluation of the effect of paddle speeds
For the evaluation of the effect of the paddle speeds, the different formulations (Table 1) were compressed into tablets. A feed frame equipped with 2 paddle wheels, as described by Peeters et al., was utilized. 30 The first paddle wheel, the feeding wheel (further referred to as 'Paddle 1') is composed of eight curved paddles and is located above the overfilling station.
The second paddle wheel, the metering wheel (further referred to as 'Paddle 2'), has twelve curved paddles and is located at the filling station. Both wheels are motor driven and rotate in opposite directions. Their speed can be adjusted independently from one another and from the turret speed.
Paddle speeds were varied according to Table 2 . All other machine settings were kept constant during an experiment ('set machine settings' in Table 3 ). The fill depth was adjusted to obtain tablets of 150 mg. Tableting speed was set at 400 tpm. PCF was controlled at 2 kN and PCD at 0.2 mm. MCD was 0.0 mm for all experiments and MCF was controlled at 9 kN, based on the results of the preliminary tabletability test. When starting an experimental run, the hopper and feeder were filled with the powder blend. For every experiment the machine was run for 1 minute before adjusting fill depth and parameters controlling the compression force and displacement. Subsequently, the machine was run for another five minutes with sampling during the last minute. Experiments were conducted from the lowest to the highest paddle speed ( Table 2 , from experiment 1 to 4) and vice versa. Room temperature (21.0 ± 2.0 °C) and RH (30.0 ± 2.0 %) were controlled. Tablets were also stored overnight before analysis.
Monitoring of set and dependent machine parameters
The machine settings which were kept constant ('set machine settings' in Table 3 ) were logged during each experiment. Fill depth was set to obtain a tablet weight of 150 mg. Although this value is set at the beginning of each experimental run and kept constant, its absolute value is dependent on the flow properties of the formulation. Consequently, it is actually a response factor, and monitoring this value provides insight in the lubrication effect of the paddles.
Similarly, the position of the bottom punch (prebot, mbot) and the pressure in the aircompensator (PCF r , MCF r ) are also response factors, since these parameters in combination with the powder characteristics determine the compression force (PCF, MCF) and the compression displacement (PCD, MCD) at pre-and main compression. As PCF (2 kN), MCF (9 kN), PCD (0.2 mm) and MCD (0.0 mm) were maintained at a fixed value, the pressure in the air-compensator and position of the bottom punch had to be adapted for each run to reach these values.
Since PCF, MCF, PCD and MCD are dependent on the above machine settings, they were identified as dependent process parameters. These values, together with the ejection force (EF), were logged with a customized data acquisition and analyzing system. The maximum values of ten successive signals for each parameter were determined and the mean value and standard deviation calculated. An overview of these dependent machine settings is also provided in Table 3 .
Tablet evaluation
Tablets ( n = 20) were weighed and their hardness, thickness and diameter were determined (Sotax HT 10, Basel, Switzerland). The tablet tensile strength (TS) was calculated using Equation (2). 31
where F, d and t denote the diametral crushing force (N), the tablet diameter (mm) and the tablet thickness (mm), respectively.
Tablet friability was determined ( n = 3) on forty-three tablets using a friabilator described in the European Pharmacopeia (Pharma Test PTF-E, Hainburg, Germany), at a speed of 25 rpm for 4 min. Tablets were dedusted and weighed prior to and after the test. Tablet friability was expressed as the percentage weight loss.
3.
Results and discussion 3.1. Tabletability Figure 1 depicts the tabletability curve obtained when compressing pure MCC into tablets, by plotting TS against MCP. Based on these data 9 kN, which corresponds to 180 MPa of compression pressure, was selected as MCF to perform further experiments. While the tabletability curve is linear below compression pressures of 180 MPa, from 250 MPa onwards a further increase in the compaction pressure does not contribute to a higher tensile strength as the higher energy put in the system is not used for additional bond formation. The preferred compression force from a manufacturing point of view is the lowest force (i.e. the least energy input) at which tablets complying with quality-and bioavailability requirements can be produced. Although strong MCC tablets are formed at relatively low compression pressures, the variability in TS is significantly larger when a variation (e.g. 10 MPa) in MCP occurs at lower compression pressures ( Figure 1 ). 2 Since this could be a confounding factor in the interpretation of the influence of magnesium stearate on tensile strength, a force closer to the plateau of the curve was chosen.
Effect of the paddle speeds
As it was the purpose of this study to investigate the influence of the paddle speeds in the forced feeder, the blends were prepared by different mixing methods (Table 1) . Low shear mixing was performed in a tumbling mixer. Besides the rotational and translational movement of a conventional tumbling mixer, this particular mixer uses inversional motion which leads to more efficient mixing and decreases the possibility of segregation. [32] [33] [34] Tumbling mixers are commonly used for the mixing and blending of granules or free-flowing powders with lubricants, glidants and disintegrants prior to tableting. In industry, intermediate bulk containers (IBCs) are commonly used for both mixing and immediate feeding of the machine.
Shear occurs as a velocity gradient is generated by rotation of the mixing container around an axis. As the powder bed tumbles it dilates, allowing diffusive mixing to occur. The operational speed, size and filling degree of these low shear blenders are all process factors influencing the mixing pattern inside the container. In a high shear mixer, the components mix owing to high shear forces (arising from the high impeller velocity) and the expansion in bed volume that allows diffusive mixing. In pharmaceutical product manufacturing, this type of mixer is used for the mixing of cohesive powders or more commonly for single-pot processing. [34] [35] [36] Because of the high-speed movement within the mixer-granulator which can fracture material easily and the problems associated with overmixing of lubricants, this type of mixer is usually not used for blending lubricants. 34 However, its use in this research is justified, as it was the intention to obtain an overlubricated blend.
A schematic overview of the tableting machine parameters, both set and dependent, the tablet characteristics and their relation to each other is outlined in Table 4 . Since water content has a major influence on the mechanical properties of MCC and to avoid moisture content as a confounding factor, all samples (including pure MCC) were exposed to the same conditions The influence of the paddle speed on the tensile strength is depicted in Figure 2 . The tensile strength of tablets without MgSt was not affected by the paddle speed (Formulation A).
Following low shear blending of MCC and MgSt the tensile strength decreased using a higher paddle speed (Formulation B). The higher mixing intensity in the forced feeder increased the lubricant effect on the plastically deforming MCC. The effect of paddle speed was less pronounced using a longer low shear mixing time (Formulation C), but the tensile strength of the tablets was lower due to increased coating of the MCC fibers during blending. Following high shear blending of MCC and MgSt no effect of the paddle speed was observed, indicating that the powder mixture was already overblended during the mixing step (Formulation D).
Overall, irrespective of the paddle speeds, the influence of MgSt on the tensile strength is pronounced, as the tensile strength of the tablets containing MgSt is lower than the tablets lacking lubricant. When taking the structure of MCC into account, it could be argued that the observed results are not solely dependent on the presence of MgSt, but on a combination of the influence of the blending step (prior to and during tableting) on the particle size distribution of MCC and the distribution of MgSt. MCC consists of porous microfibrilles, which are easily broken down during the blending step, when shear is introduced in the powder bed. 3,9 At higher shear rates, either by altering the blending step prior to tableting (by increasing the mixing time or intensity) or during tableting by increasing the paddle speed, particles will fracture more extensively. This is supported by the particle size distribution of the different blends, as presented in Table 5 . Also the SEM-pictures (Figure 3 ) illustrate the difference in particle size distribution.
However, as reported in literature, tablets prepared from different size fractions of pure MCC did not differ in disintegration time or tensile strength. 3, 9 This indicates that, even when MCC particles are broken down during the blending step or in the forced feeder, this does not contribute to the differences observed in TS. Moreover, due to their small size, MCC microfibrilles have a relatively large surface-to-volume ratio. 40 Consequently, when the concentration of MgSt and the blending conditions remain the same, the smaller the lubricating effect on smaller host particles will be. 2 When the influence of MgSt on different sieve-fractions was compared, all results in literature report an increase in TS for smaller particle sizes. This demonstrates that in this experiment the observed (negative) results of TS can be mainly attributed to the difference in the blending step of magnesium stearate, and not to a change in particle size of MCC. 2, 3, 9, 12 An overview of the obtained values of set and dependent machine parameters and tablet characteristics is presented in Table 6 . Regardless the paddle speed, the friability for all tablets was low. The tablets prepared from the high shear blended mixture (Formulation D) had a somewhat higher friability. These results show that the resistance to crushing, expressed by the tensile strength (Figure 2) , and the susceptibility to abrasion, represented by the friability ('Friability (%)' in Table 6 ), are not completely interdependent and care should be taken not to generalize results obtained by determining only one characteristic.
Based on the weight and weight variability, it is evident that for all experiments tablets with the required weight could be obtained. All powders possessed sufficient flow, regardless of the paddle speed. This is supported by the compressibility index (Table 5) , which classified all powder blends as fairly flowing powders. The fill depth necessary to obtain the desired weight provided info about the fill density and was ranked as Formulation A > B > D > C. As bulk density is dependent on particle size, the higher fill depth of formulation D compared to C is somewhat surprising, since the results of powder flow (Table 5) The formulation without MgSt (Formulation A) has a poor flowability, shown by the large fill depth and its dependence on paddle speed, as fill depth gradually decreases with higher paddle speeds. 30 Also the flow of the mixture subjected for a short period to low shear (Formulation B) depended on the paddle movement. But since the overall fill depth is lower compared to formulation A, the flow can be considered to be improved, due to the presence of MgSt. The flow of the other two formulations (C and D) was not affected by the paddle speed, indicating that these materials are free-flowing. The higher fill depth of formulation D compared to C is linked to the specific surface of the MCC particles. In Formulation D the powder particles were exposed to more shear, and more particles are broken down into their primary particles (Table 5) . Hence, the MgSt concentration is insufficient to completely cover the free surface area, herewith contributing less to an improvement of the flowability. 3 The flow properties determined via bulk and tapped density and via the parameter settings of the tablet press did not match with each other, especially for Formulations C and D. Although the former method is useful to obtain an initial indication about the flow performance, these determinations are static measurements, whereas the powder flow in a forced feeder is a dynamic process. Different mechanisms act simultaneously on the powder bed, which cannot be captured by the existing conventional techniques to measure and quantify powder flow. 30, [44] [45] [46] Since the capacity of a glidant is mainly expressed in moving material, it is possible that this property is more pronounced in the forced feeder, during actual die filling, then it is during the static flow measurements.
As PCF and PCD for all tablets were similar, the PCF r and position of the lower punch (prebot)
provide information about the effect of MgSt on the initial densification of the powders under compression. The position of the bottom punch mainly provides information about the interparticulate voids. As this value was the largest for the formulation lacking the lubricant, it was indicative of more space between the particles which can be linked to the larger particle size of the non-lubricated MCC particles. For formulations B and C, a smaller particle size and the presence of MgSt were translated in a denser packing, due to the ability of MgSt-coated particles to more easily slip by one another and pack into a denser formation. 10 Since the glidant ability of MgSt in blend D is hampered due to the large specific surface of the individual MCC particles, the initial packing is not as dense as with formulation C.
PCF r gives information about the ability of MgSt to reduce die-wall friction. As die-wall friction is reduced, the net energy introduced in the process will be more efficiently used. Since the difference between PCF r and PCF is smaller for MgSt-containing formulations (B-D) compared to A, this means less energy is lost when MgSt is used, which is attributed to its lubricating potential. 47 Another contributing factor to the observed effect is the ability of MgSt to reduce air entrapment. 48 The initial volume of formulation A is larger for the same weight than for the other formulations (i.e. more void spaces, more air entrapment and a less dense packing of the particles). Hence, for the same displacement (PCD) more air will be expelled from the powder bed for formulation A compared to MgSt/MCC blends. A lower PCF r value when reaching a similar displacement (PCD) under an equal load (PCF), implies less densification of the particles. These results showed that during precompression of formulation A mainly release of entrapped air and particle rearrangement takes place, whereas for the other mixtures already bond formation and deformation of particles occurred.
Finally, some researchers reported the ability of MgSt to reduce elasticity and/or to promote plastic behavior. 6, 7, 49 The results of the main compression should be interpreted with a different rationale compared to the precompression data. Since no displacement is generated, the MCF r has no added value in the interpretation of the results as this parameter is set at a high value to inhibit roller displacement. Hence, the determining factor is the position of the bottom punch: a change of this parameter, while the force exerted on the powder bed (MCF) remains constant, indicates a change in compactability. Since the particle size of MCC does not influence this factor, an observed effect is mainly caused by the presence of MgSt. 7 As the difference between pure MCC (formulation A) and MgSt/MCC blends (formulations B-D) are small, the reduction of diewall friction in the presence of MgSt was the main cause of this effect, rather than a change in compactability, as was also reported by other authors. 6, 50 Finally, the effect of MgSt on the ejection force revealed the impact of the lubricating properties of MgSt. 51 The reduction in EF induced by MgSt was similar for all formulations and all paddle speeds. The desired effect (i.e. lowering the die-wall friction at ejection) is already reached after only 3 minutes of blending in a low shear mixer. 52 From a manufacturing point of view, formulation B is the closest one related to a real life setting. This mixture is the most susceptible to changes in paddle speed of the forced feeder.
Since MCC has a good compression behavior and forms strong tablets at relatively low compression forces, it is likely that the negative effect of MgSt on TS will be even more pronounced when adding active pharmaceutical ingredients which deform plastically to the formulation. Furthermore, next to the reduction of TS, MgSt is also known to increase the disintegration and dissolution time and to reduce the adhesion of film-coatings to tablet surfaces. [52] [53] [54] Instead of incorporating the lubricant into the formulation, external lubrication by spraying MgSt immediately on the punch tips and dies could decrease its detrimental effects. [55] [56] [57] However, some challenges arise to incorporate this system into existing tableting machines currently lacking the system.
Conclusion
Based on the data collected during compression of MgSt/MCC blends on a high-speed tablet press, it was shown that the paddle speed of the forced feeder had a limited effect (except at the filling station) on the tableting process (packing, compactability, lubrication). However, the rotational speeds of the paddle wheels affected the shear rate and material residence time inside the forced feeder, inducing an effect on the flowability of the powders and on the tensile strength of the tablets.
This study illustrates that the paddles not only aid to force powder into a die, but that the passage of the material through the forced feeder must be considered as an additional blending step. As its impact on the quality of tablets manufactured using plastically deforming material can be significant it is essential to take this factor into account when optimizing a tableting process.
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